Abstract-This paper describes the construction of a reducedorder five-machine dynamic equivalent electro-mechanical model of the Western Electricity Coordinating Council (WECC) 500 kV power system network using slow mode oscillations of power flows derived from phasor measurement unit data. We first extract the slow oscillations using modal decomposition, and use them to estimate four key parameters of the reduced-order system, namely, the inter-area transmission line impedances, intra-area Thevenin reactances, rotational inertia, and damping of the aggregated synchronous generators. The resulting fivemachine equivalent model is validated using different ranges of contingencies such as generation loss and line loss, and thereafter used for accurate prediction of oscillation mode frequencies and their damping factors. Finally, we present an algorithm by which this reduced-order model can be used to determine the criticality of line loss events within any area based on the divergence of load flow. The conclusions are drawn with the possible applications of the model for transient stability assessment, and prediction of stability limits needed to sustain increasing wind power penetration in the WECC.
I. INTRODUCTION

G
IVEN the large size of any realistic power system, such as the Western Electricity Coordinating Council (WECC), it is very difficult to derive the pre-event or post-event dynamic model for an entire network using measurements in real-time. System operators are, rather, more interested in constructing reduced-order models that capture the dominant inter-area modes of oscillations for their system using Synchrophasor measurements [1] . Once constructed, these models can be continuously updated with newer measurements at regular intervals of time, and used for accurate prediction of the frequency and damping with which the different coherent clusters of the system may oscillate with respect to each other in face of any future event as a result of slow coherency [2] . Such reduced-order models are often referred to as wide-area models, extensive analytical derivations of which have been recently reported in [3] , followed by several other papers such as [4] - [8] using ideas of adaptive filtering, observers, and modal decomposition.
Such a wide-area model of the WECC power system, starting from the major generation clusters in Alberta, Washington and Oregon to the load clusters in Southern California, Montana and Arizona with intermediate voltage support at appropriate points is shown in Fig. 1 . This figure shows the wide-area view of the WECC transmission grid, breaking the system into five well-defined, and well-recognized coherent generation/load clusters that oscillate with respect to each other in face of different disturbances. Various characteristics of these inter-area oscillations have been studied extensively over the past decade using Synchrophasors [10] - [12] , and are well-understood for the traditional operating conditions of the WECC. However, with gradual expansion in transmission infrastructure as well as tremendous penetration of renewable power including wind and solar photovoltaic in the west coast over the next decade [13] , several dynamical properties of the WECC will change significantly, and so will the characteristics of the inter-area oscillations and their stability margins. Such projected changes are neither well-understood from an analytical perspective nor well-established from an experimental or validation point of view.
Our goal in this paper is to bridge this gap by investigating how real-time changes in operating conditions, unforeseen contingencies, and amount of renewable generation have an impact on the inter-area oscillations in WECC, and validate those observations using a real-time emulation framework. We achieve this goal by identifying a five-machine equivalent model of the five-area WECC 500 kV power system as shown in Fig. 2 using PMU measurements collected from the terminal buses of each area. The structure of this model is inspired by [9] . We implement this model in a Real-time Digital Simulator (RTDS), and tune its parameters for model validation. Thereafter, we use this model to emulate the interarea power flow oscillations in response to different types of disturbances such as generator losses and line losses, as well as wind power penetration, and predict the resulting slow oscillation frequency and damping. An algorithm is proposed to determine the criticality of line loss events within any area based on the divergence of load flow. The model allows us to test the sensitivity of the phase angle and frequency responses of any area to wind injection in any other area, and also the limiting value of the penetration beyond which dynamic performance starts degrading significantly. A series of experiments is carried out to illustrate these sensitivity factors for different levels and locations of wind injection in WECC.
Once a baseline model is constructed, it can be updated at regular intervals using newer PMU data. The updated model can be used to predict the slow frequencies and corresponding damping factors with which the different parts of the WECC system may oscillate with respect to each other in the face Fig. 2 . Five-machine equivalent of WECC. The linear topology is validated by oscillation analyses in WECC, see [9] .
of any future event. The model also predicts the sensitivity of the power flow oscillations inside any area with respect to faults and wind power penetration in any other area. Utilities in WECC can exploit this information to evaluate their dynamic coupling with neighboring companies before any disturbance hit the system, leading to more efficient resource planning. The method by itself is fairly general, and can be applied to any multi-area power system model, not just the WECC. Moreover, the use of the identified model is not limited to only making decisions on specific lines and generators but also to create "monitoring metrics" that can be used for system-wide monitoring. For example, in [18] it was shown how PMU measurements can be used to construct inter-area energy functions for transient stability monitoring. The model in [18] , however, was restricted to only two areas connected by a radial topology, and hence, there was no need to estimate the topology. The work done in this paper is a useful extension by which such energy functions can be estimated for any multi-area power systems connected by any arbitrary topology.
The remainder of the paper is divided into the following sections: Section I provides a description of the five-area reduced-order model. Section II lists the system identification method for constructing this model from PMU data. Section III describes the model tuning for validation in RTDS. Finally in Sections IV and V, the RSCAD model is tested for various contingencies, namely, intra-area loss of generation, intra-area loss of transmission line and intra-area wind penetration. Section VI provides the predictive analyses of the inter-area oscillations in response of these disturbances. Section VII concludes the paper.
II. DESCRIPTION OF THE FIVE-AREA MODEL
The WECC 500 kV network is divided into five coherent non-overlapping areas as shown in Fig. 1 . Each area is associated with a unique terminal bus, which is a 500 kV substation, conveniently referred to as a pilot bus. The identity of the pilot bus is chosen such that 1) The substation must have a PMU installed at its location 2) All generators within that area must lie electrically behind this substation. A dynamic equivalent model for this network is then constructed by assuming each area to be an equivalent generator, also referred to as an aggregated synchronous generator (ASG), with the interconnecting 500 kV lines between the pilot buses of any two areas reduced to a single equivalent transmission line, as shown in Fig. 2 . The identity of the pilot bus of every area is, therefore, retained in the reduced-order model. The buses are considered to be connected in a line topology following the model given in [9] . The impedance of the equivalent tie-line between pilot buses P i and P j is denoted as r ij + x ij . The voltage phasor V i ∠θ i is known at each pilot bus P i owing to availability of PMU data at that bus. Furthermore, the current I i ∠α i being injected at each pilot bus P i can be calculated from the difference in line currents flowing in and out of that pilot bus. Looking from the pilot bus into the area, the equivalent generator is modeled as a Thevenin voltage source with internal emf E i ∠δ i (t), and Thevenin reactance Z i = jx i . It can be shown that if the Thevenin impedance is considered as r i + jx i then the system may become unidentifiable. This is further elaborated upon in Section III-B.
The aggregated synchronous generator is modeled as a second-order damped oscillator described by the swing equation [14] :
where M i , P Mi and D i are the equivalent inertia, mechanical power input and damping factor of the i th ASG, while the other variables are defined above. Since ASG i is a fictitious generator, field measurements for this generator are not available, and hence higher-order models of synchronous generators can not be used for analysis. Note that the identities of the pilot buses in the actual system are retained in the reduced-order model. Our objective is to use time-series PMU measurements of V i ∠θ i , I i ∠α i , i = 1, . . . , 5 in the actual system to identify the following parameters of the equivalent model, namely: 1) Identification of inter-area tie-line impedance r ij + jx ij 2) Identification of Thevenin reactance Z i = jx i of ASG i 3) Identification of inertia M i and damping D i of ASG i Since the ASG i is obtained by collapsing the coherent areas of the network so that the reduced-order model only captures the inter-area oscillation dynamics, the fast oscillation modes in the PMU data resulting from intra-area oscillations between local generators in area S i must be removed. Considering a small-signal model of the actual WECC system, due to clustering any PMU measurement can be decomposed as
The number r is selected such that ω i (0, 2π ] rad/s, assuming that all inter-area modes for WECC are less than 1 Hertz [3] . Depending on baselining of the system using historical PMU data, this range can be expanded or reduced for better estimation. The first task is to apply any standard modal decomposition method (for example, see [10] , [11] , [15] ) to extract y s (t) from the phase angle and frequency measurements at the five pilot buses. In the next sections we describe how we can use y s (t) to identify reduced-order model parameters. 
III. IDENTIFICATION OF MODEL PARAMETERS
A. Identification of Inter-Area Tie-Line Impedance
The reduced-order model assumes that each pilot bus P i is connected to the next pilot bus P j through a single equivalent transmission line. Since this line is a reduction of several long 500 kV transmission lines, ideally speaking an equivalent π -model of the transmission line should be used. However, in order to calculate the equivalent shunt admittance at the end of each line, we require the voltage at the pilot buses as well as the line charging current. If the line charging current at any bus is not available from PMU data then it is not possible to estimate the equivalent shunt admittance. The following two approaches can be adopted in such a scenario:
1) The shunt admittance values of a transmission line of a given length can be estimated from typical values of admittance per mile values for 500 kV transmission lines for a given conductor configuration, or 2) The shunt admittance of the transmission lines can be merged with the shunt load present at the ASG, thus effectively eliminating them from the computation. To ensure that all parameters can be evaluated using PMU data only, the second approach is adopted in this paper. The long transmission lines are represented by pure series impedance Z ij ∠θ z,ij . Additionally, physical 500 kV lines between every pair of pilot buses are identified, and lines with substantially larger currents are selected for analysis. The net current I ij (t)∠β ij (t) along the fictitious transmission line is taken as the phasor sum of the currents in the selected transmission lines at any point of time t. Using the voltages and currents thus obtained, the inter-tie impedance can be calculated using Ohm's law in the phasor domain as,
Separating out real and imaginary parts, the estimation of Z ij and θ z,ij can then be posed as the following non-linear least squares problem [16] :
where γ ij = θ z,ij + β ij , for every pair (i, j). For this particular case study, the impedance values for the various equivalent transmission lines were observed to be fairly constant over time if they are computed for each time point using (3) instead of (4) . These values were averaged over time, and the average closely matched the solution of (4).
B. Identification of Intra-Area Thevenin Reactance
After the estimation of "inter-tie" impedances, the next step is to estimate the small "intra-tie" impedance values that connect the generator voltage source to the respective pilot bus. Following a classical generator model for every ASG, we assume E i to be constant, albeit unknown. Field dynamics are ignored due to the absence of field currents and voltages for any ASG. From Fig. 4 , it is clear that the phasorsĒ,V and IZ at any time t for any ASG i form a triangle, with bothĒ andĪZ being unknown at all times. V is known, but E and IZ both can take an infinite pair of values so that they satisfy Ohm's law. Hence, to make the system identifiable, the following assumptions are made:
1) E i = 1 p.u., and 2) r i = 0, i.e., Z i = jx i . If we apply sine rule to the triangle using the above two assumptions, the following two equations can be written:
The estimate of x i was generated by solving (5) algebraically at every time step. The final value of x i for each ASG i was obtained by taking its average over the defined time interval. An alternative would be to compute the least squares estimate using the non-linear least squares formulation similar to (4) . The estimated value of x i is affected by changes in power flows within area A i , so the pre-and post-disturbance values of x i differ slightly from each other. Pre-disturbance values of x i were considered for estimation of M i and D i as well as in the reduced-order dynamic model implemented in the RTDS.
C. Identification of Inertia and Damping
Linearizing (1), the electro-mechanical model of the fivemachine system in the Kron-reduced form can be written as,
where ( θ 1 , . . . , θ 5 ) . The prefix denotes a smallsignal change over the pre-existing equilibrium. It can be shown that the small-signal change in the pilot bus voltage and angles can be written as
where the expressions for L, F and G can be found in [14] .
Equations (6)- (7) are of the forṁ
The estimation of M i , D i , P mi , i = 1, . . . , 5, can then be posed as the following non-linear least squares problem:
whereŶ
Y(t) is the PMU data stream post modal decomposition, and t * is the length of time selected so as to include all the postdisturbance oscillations. Estimation of M i , D i , P mi from (9) completes the identification of the reduced-order model. The actual least-squares estimation (9)-(10) was limited to consider only the small-signal pilot bus voltage angles θ , i.e., the following output equation, θ (t) 5×1 = G 5×5 δ(t) 5×1 was considered. The optimization (9)-(10) was solved by standard solvers in the System ID toolbox of Matlab. The value of t * is selected from the point of beginning of oscillations to the point where all oscillations die down below the ambient noise level in the signal. For majority of the WECC PMU data that we use for our identification, the length of t * was found to be sufficiently within 25 to 30 seconds. Since we propose the identification to be done offline after a disturbance, choice of this t * is entirely dependent on how accurate a user wants this model to be. For WECC, typically 30 to 40 seconds of oscillation periods suffice for model-accuracy of over 90%, as seen in our simulations. 
Remark 1:
Since the model parameters in the actual WECC network are continuously varying due to changes in load, generation, topology, etc., the identified model must be updated every ten to twenty minutes using the steps delineated above with the most latest PMU data.
Remark 2: Note that the equivalent generators and tie-lines in the identified model are strictly hypothetical. Only the five pilot buses retain their original identity. Hence, the operators of the five companies must have PMU data from every other pilot bus if they wish to execute the identification independently.
IV. TUNING FOR MODEL VALIDATION
The output of the identified model already matches the PMU measurements in a least-squares sense. Therefore, one may question the necessity of validating the model further. The reason, however, is that, theoretically speaking, the identification is done only for the second-order ideal swing model (6) , but when this model is implemented in RTDS using RSCAD, one must design additional generator components such as the excitation system, AVR, power system stabilizers, and governors, each of which has its own nonlinear dynamics that were not identified in the steps listed in Section III. Therefore, upon implementation of this software model, the predicted response may not match the response of the identified model. A second round of parameter tuning is needed to validate the final RTDS model against the available PMU data from WECC. We next describe the steps of this tuning process. Table I gives an overview of all the final values used in the tuned RTDS model.
A. Capacitor at Station 3
The estimate of the intra-area or internal reactance of the ASG at Station 3 was found to be negative, indicating a large capacitive VAR flow in the line. This observation is consistent with the fact that there is indeed a large switched capacitor bank near the location of the pilot bus 3 [17] . However, no data pertinent to the number of capacitor banks switched in during the event was available. Therefore, a capacitor bank was considered at Station 3 in the RSCAD simulation whose size was determined by matching the pre-fault voltage at Station 3 with that observed from the PMU data. The final values of the inter-area impedances are given in Table II . 
B. Voltage Tuning
Though matching of phase angles (or power flow) and frequency is of primary interest for oscillation analysis, matching the bus voltages to a reasonable level of accuracy is also important. Internal generator voltages were, therefore, tuned so that load-flow compilation yielded a close match of the pilot bus voltage to that observed from the PMU measurements. Table III lists 
C. Matching Post-Fault Power Flows With Switched Loads
At the time instant of the fault or disturbance, the phase angles show a sudden sharp increase or decrease from their equilibrium values. The actual values of these changes are shown in Table IV . Three of the four phase angles in the filtered PMU data (i.e., after modal decomposition) display a large change in angle at the immediate time of the fault. Using (1), it is possible to calculate the change in power necessary to recreate these instantaneous phase angle changes. For example, see Table IV . This was modeled as the addition or subtraction of resistive loads on appropriate buses.
The pre-and post-fault steady-state phase angles were further tuned using the governor load reference setpoints. The values of the steady-state phase angles pre and post-fault are compared against the PMU data in Table V . Essentially, the machines have different power set-points post-fault compared to pre-fault. This change has allowed very close matching of the steady-state phase angles. The exact values used for these governor load reference set points are shown in Table I . It should be noted that changing the governor setpoint changes the phase angles across the lines over a slower time-scale than changing the immediate load at each pilot bus. In order to recreate both the sharp changes occurring at the instant of the fault as well as the slow dynamic response of the angles together with their eventual convergence to the respective steady-state values, both of these methods were implemented together.
D. Tuning Inertias and Damping Factors
The estimated values of the inertia and damping factors of the aggregated machines in the identified model are shown in Table VI . The inertia and damping of ASG 1, both of which are relatively small, were retuned such that the transient response of the RSCAD model matches the filtered PMU data, again in a least-squares sense. This matching is shown in Fig. 5 . From these results it is fairly obvious that the first least-squares step (9)- (10) is performed only to provide a 'starting' value of our model parameters. These values are not final as (10) does not consider the impact of AVR and PSS models in the generators, and is based on second-order swings only. The second round of least squares validation is, therefore, crucial to create the final model in RTDS.
V. PREDICTING STABILITY MARGINS
The reduced-order model is next used for predicting the dynamic responses of the power flows between every pair of machines, which in the actual WECC system will correspond to the power transfer between those two areas, following three common contingencies:
1) Generator tripping resulting in loss of injected power at a pilot bus and inertia of the corresponding ASG 2) Line tripping resulting in increase in intra-area reactance 3) Addition of wind turbines (modeled by doubly-fed induction generators) at pilot buses, also resulting in an effective loss of inertia of the corresponding ASG. The effects of generator trips are relatively simpler to emulate by manipulating the generation rating and inertia of the ASGs. Detailed simulations for this type of disturbance will be shown in the next section. The line trip events are further elaborated as follows.
For any area S i with N i buses, the equivalent admittance matrix Y bus i is known to the operator of that given area, along with the admittance matrix Y ro for the reduced order WECC network. Also it is assumed that the operator of that area has knowledge of the pre-disturbance power flow of area S i as well as the power flow of the reduced order WECC model. Now, if a fault occurs within S i , the current within the faulted line increases for a very short time and the line's protection system removes the line from the network. Mathematically, the removal of a line between buses i and j is be represented by updating y ij and y ji elements to zero, and adjusting y ii and y jj elements accordingly. Let Y bus i be the modified admittance matrix of the network after the line is removed. The admittance matrices of S i and WECC's reduced order model are combined as follows:
Here Y cp represents the inter-tie admittance between pilot bus S i and the other pilot buses, and is a relatively sparse matrix. The resultant network has N i + 4 buses, making Y c i a square matrix of size N i + 4. Assuming that the power set-points of the ASGs do not change significantly due to this line loss, the power flow at PV or PQ bus j is given as,
We solve these power flow equations for every bus j using Newton-Raphson's method, and compute the updated value of V j ∠θ j for the j th bus. The updated value of the voltage phasor at the pilot bus of area S i can then be used to estimate the new value of x i using (5). We also develop Algorithm 1 to compute the maximum allowable line loss that leads to the critical value of x c i for which the identified model shows an unacceptably large magnitude of inter-area oscillations. The value of x c i can Mark the line as critical for operation 12: end if 13: Goto Step 2 be obtained by simulating the reduced-order model for incremental values of x i , and tracking the point at which sustained oscillations are observed in the phase angle difference between the pilot buses. This indicates that in the actual WECC system, every area-level operator must keep track of the lines and load changes inside their areas such that the aggregated value of x i does not fall below the critical value x c i . Although it is not explicit from the above equations, loss of a line invariably results in an increase in the internal reactance of a ASG. This is due to the dual effect of losing a line which directly influences x i , and the increased power flow along the unaffected lines, which increases the effective magnitude of x i due to in-feed effects. The operator can perform this analysis for several scenarios using Algorithm 1 by modifying the admittance matrix in different ways. Each scenario will produce a value of x i which can be compared against the critical value of x c i for that area. Finally, the addition of wind farms in an area is modeled by inserting a doubly-fed induction generator (DFIG) at its pilot bus. Assuming that the total power output of the area remains constant, the inertia of the ASG is also decreased to model the replacement of synchronous power with DFIG power.
VI. PREDICTIVE ANALYSIS OF VARIOUS CONTINGENCIES
We next describe a series of experiments for simulating the dynamic response of the reduced-order model following the three types of disturbances listed in the previous section. These responses are used for predicting the frequency and damping factor of the inter-machine oscillations, which in the actual WECC system will correspond to inter-area oscillations. Sensitivity of angle oscillations of any area with respect to disturbances occurring in other areas is also analyzed, thereby providing a way by which the WECC utilities can evaluate their dynamic coupling and dependence on their neighbors before any disturbance hit the system.
A. Loss of Inertia
An important point to remember is that unlike the smallsignal model (6) , the model implemented in RSCAD is highly nonlinear, similar to the real WECC system. Therefore, it was noticed that very small changes in the generator inertias did not cause any significant change in the oscillatory characteristics. Our goal, therefore, was to perturb the system with medium to large changes in inertial values, and test the resulting nonlinear oscillations in the power flows. For example, in the first set of contingencies, the inertia of each machine was individually decreased by approximately fifty to ninety percent. A fault that simulates 1300 MW loss of generation in Area 5 was used to excite the model. The phase angle response across the four major transmission lines linking the five pilot buses was recorded. These phase angle plots are shown in Fig. 6 . Though all five cases are seen to be stable, some areas are more susceptible to loss of inertia than others. Area 5, in particular, is most susceptible, as testified by the intense underdamped oscillations that propagated all the way to Area 3 following the fault. Eigenvalue Realization Algorithm (ERA) [15] is applied to the power flows, and the most energetic modes from the modal decomposition are listed in Table VII . Inspection of this table clearly indicates that the bus whose ASG is subjected to the loss of inertia shows the highest increase in the slow mode frequency, as reflected in its power transfer with its neighboring buses.
B. Loss of Internal Tie-Lines
For the second set of contingencies, the intra-area tie-line impedance of each ASG was increased individually by integer multiples of its identified value until the model became unstable. Again, note that a small-signal model will never become unstable due to such an increase. The instability is caused essentially due to the nonlinearity of the RSCAD model. Driving the system close to the verge of stability, an impulse fault was applied on all five pilot buses simultaneously to emulate a worst-case disturbance. The phase angle response across the four aggregated transmission lines are shown in Fig. 7 . The plots show that for this particular set of model parameters, x 1 (the internal reactance of Area 1) can be increased by a factor of ten before instability, whereas x 5 can be increased only by a factor of four. In every case there is one phase angle that is almost completely undamped. This is where the instability would start when the intraarea impedance is increased slightly above its critical value. ERA is applied to the power flows through the four lines. the dominance of this 0.25 Hz mode is found to be uniform in all the phase angle differences, consistent with the observations in [12] . 
C. Wind Penetration at Pilot Buses of WECC
Wind farms were placed on pilot buses P 2 to P 5 , one at a time, in the RSCAD model such that 700 MW of the power injection on that bus now came from wind penetration rather than the conventional synchronous machine. The ASG inertia was also altered by an equivalent amount to reflect the decommissioning of active machines in that area. The model was faulted by a 4-cycle line-to-ground fault, and the resulting transient responses of the bus angles were recorded. The pre-fault steady-state power and angle values for all buses are recorded in Table IX . The angles clearly indicate that when wind power is injected to a bus, the corresponding generation of the ASG steps down accordingly. The phase angle response across the four aggregated transmission lines are shown in Fig. 8 . The results from ERA applied to these plots are shown in Table X , listing the oscillation modes with the highest energy for each wind penetration level. This reveals that, in general, increase in wind penetration in area 5 reduces the damping of the most energetic modes for all pair-wise angle differences. θ 5 − θ 4 is affected by wind penetration in all five areas, making pilot bus 5 the weakest point in the system. Wind in Area 5, however, favors damping in Area 4, i.e., the area closest to it.
VII. CONCLUSION
In this paper we developed a predictive dynamic-equivalent model for the WECC power system using Synchrophasors. Modal decomposition followed by nonlinear least squares is used as the primary tool for this identification. The resulting model, after validation in RTDS, is found to be a beneficial resource for predicting frequency and damping of inter-area oscillations following small-signal disturbances, as well as transient stability limits due to large-signal contingencies such as loss of major lines and generators. One future direction of research will be to extend these optimization algorithms to cases when the operators have measurements only from their neighboring areas resulting in partial observability. We also wish to extend the approach to nonlinear model identification by which operators can accurately predict stability margins for faster transients resulting from renewable energy sources.
